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Nanoscale terahertz STM imaging of a metal surface
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Terahertz scanning tunneling microscopy (THz-STM) has enabled studies of ultrafast dynamics in materials
down to the atomic scale. However, despite recent advances, more work is needed to better understand and quan-
tify the subpicosecond THz pulse-induced tunnel currents and corresponding THz-STM images of nanoscale
features on surfaces. Here, we perform THz-STM on a metal surface and fully characterize the observed THz
pulse-induced tunnel current and nanoscale imaging at atomic steps and defects using a Bardeen tunneling
model in a three-dimensional (3D) tip geometry. We show that the measured steady-state STM current-voltage
curves can be used in our model to accurately map the observed ultrafast THz-induced tunnel currents and
calibrate the magnitude of the near-field peak transient THz voltage bias in the tunnel junction. Peak THz
voltage bias transients greater than 10 V across the STM junction are achieved leading to field emission of
subpicosecond tunnel currents with current densities exceeding 10° A /cm? in THz-STM imaging of a Cu(111)
surface. Our results establish an important benchmark for future studies in THz-STM by quantifying the
ultratast THz-induced currents and bias voltages in the tunnel junction and providing a 3D tunneling model

for understanding and accurately simulating THz-STM images of nanoscale features on metal surfaces.

DOI: 10.1103/PhysRevB.102.205417

I. INTRODUCTION

Exploring ultrafast phenomenon on the nanoscale is cru-
cial for the continuing development of nanoscience and
nanotechnology [1-18]. By combining ultrafast single-cycle
terahertz (THz) pulses with scanning tunneling microscopy
(STM), THz-STM has been developed to explore ultrafast
phenomenon with simultaneous subpicosecond time reso-
lution and subnanometer spatial resolution. In THz-STM,
single-cycle, picosecond-duration THz pulses focused on the
metal tip of an STM induce strong localized transient electric
fields in the tunneling junction, generating an ultrafast mod-
ulation of the bias voltage [3,8-10,14,15,18]. The intrinsic
nonlinearity of the tunnel current in the junction as a function
of bias voltage (I—V curve) results in a rectification of the
THz-induced tunnel current that can be measured with lock-in
detection, revealing energy-dependent electron tunneling pro-
cesses at subpicosecond timescales [8]. The characterization
of the THz-induced bias voltage and simulation of the result-
ing transient tunnel current are therefore critical for studying
ultrafast nanoscale phenomena with THz-STM.

The steady-state (DC) STM [-V curve could in princi-
ple provide a direct map of the THz-induced tunnel current.
However, in THz-STM, the THz-induced transient current,
Ity,, can be many orders of magnitude larger than typical
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steady-state currents, Ipc, used in STM. Thus, in THz-STM
experiments the THz-induced currents are obtained with ei-
ther larger transient bias voltages [3,9] or significantly smaller
tip-sample distances [8,10] compared to steady-state STM,
making it almost impossible to directly compare the THz-
induced tunnel current to the corresponding DC tunnel current
at the same tip-sample distance over the same bias window.
Furthermore, it is possible that the THz voltage transient
at the junction induces a tunnel current that does not map
directly onto the steady-state STM I~V curve. For example,
THz-STM on a Si(111)-(7 x 7) surface showed that the
THz-STM current-voltage characteristic is fundamentally dif-
ferent from steady-state STM due to THz pulse-induced band
bending, ultrafast charging of the surface, and nonequilibrium
tunneling dynamics [10]. This naturally raises the question of
how well we can understand the THz-induced transient tunnel
current observed in THz-STM based on steady-state tunneling
measurements and models.

Previously, one-dimensional (1D) tunneling models typi-
cally used in steady-state STM have been used to simulate
THz-induced currents in THz-STM [3,8-10,14]. The Sim-
mons model, which assumes an energy-independent density
of states (DOS) in both the tip and sample, can provide
an approximate description of the THz-induced tunnel cur-
rent versus peak electric field, Etpg pk, of the incident THz
pulse. This approach provides reasonable agreement with the
measured Ity — Erthgpk curves [3,9] as well as THz-pulse
autocorrelation measurements that measure the THz-induced
tunnel current as a function of terahertz pulse overlap time
[3,14]. The Bardeen model, which includes an energy-
dependent DOS, has been used to model THz-STM on silicon
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surfaces [10] and single pentacene molecules [8]. Compared
with semiconductors, metal surfaces have a relatively small
variation in their local DOS with energy [19-21], and tip-
induced band-bending effects can be ignored due to a high
concentration of free carriers. This suggests that the metal tip
to metal surface junction is well suited for applying tunneling
models [20,21], making such a system valuable for extending
applications of THz-STM and understanding the origin of
the THz-induced tunnel current. However, there have been
no previous reports of THz-STM imaging of metal surfaces.
Furthermore, at high bias voltages the apparent barrier height
of the tunnel junction can be greatly reduced [22], resulting in
significant tunnel currents from other regions of the tip apex
and a correspondingly larger effective tunneling area com-
pared to the low-bias regime [23]. Therefore, the geometry
of the tip apex needs to be considered in order to accurately
quantify the tunnel current and interpret THz-STM imaging at
high bias voltages [23].

In this work, we investigate THz pulse-induced tunnel cur-
rents and THz-STM imaging on a Cu(111) metal surface. By
applying the Bardeen tunneling model to a 3D tip-apex geom-
etry and constraining the fit parameters with steady-state STM
measurements, we are able to accurately simulate the ultrafast
THz-STM tunnel currents and also quantify the magnitude
of the THz-induced peak bias voltage in the junction. THz-
induced voltage transients greater than 10 V are generated
that greatly reduce the apparent barrier height and produce
transient tunnel currents in the field emission regime over
subpicosecond timescales more than a million times larger
than the DC STM tunnel current. The increased tunneling area
at the tip apex leads to distinct features in THz-STM imaging
across atomic steps that can be understood and quantified with
the 3D tunneling model.

II. EXPERIMENTAL DETAILS

Our experiments were performed in an ultrahigh vacuum
(UHV) STM system (RHK-UHV-SPM 3000) operating with
a base pressure of ~1 x 107!° Torr and an open-flow cryo-
stat cooling the sample to ~100 K with liquid nitrogen. The
Cu(111) surface was cleaned by cycles of argon ion sputtering
and annealing. Electrochemically etched tungsten (W) tips
used in all our experiments were cleaned by electron bom-
bardment and field emission. The laser system consisted of a
Ti:sapphire regenerative amplifier (Coherent RegA) seeded by
a mode-locked oscillator (Coherent Micra), producing 4-uJ
pulses with a center wavelength of 800 nm, a pulse duration
of 80 fs, and a repetition rate of 250 kHz. An interdigitated
photoconductive antenna (Laser Quantum Tera-SED10) was
used for the generation of single-cycle THz pulses. The source
was mounted on a motorized rotation stage for control of the
THz pulse polarization and polarity at the junction, as well as
the electric field strength. The waveform of the THz pulse was
measured by electro-optic sampling in a 1-mm-thick (110)-cut
ZnTe crystal. A polymethylpentene lens (Menlo Systems TPX
lens) placed inside an inverted viewport fitted with a fused
silica window to UHV was used to focus the THz beam onto
the STM junction [10].

Figure 1(a) shows a schematic of the THz-STM experi-
ments on an atomically flat Cu(111) surface, which has been
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FIG. 1. (a) Schematic diagram of THz-STM on a Cu(111) sur-
face. A THz pulse is coupled into the STM junction, inducing
transient tunnel currents between the tungsten tip and the Cu(111)
surface. (b) Incident THz-pulse electric-field waveform measured by
free-space electro-optic sampling. Inset: Corresponding frequency
spectrum. (c) THz-induced tunnel current, Ity,, as a function of
the incident THz peak electric field, Ety,, pk, obtained with an open
feedback loop (tip disengaged at Vpc = 1 V and Ipc = 20 pA, Vpc
set to 0.1 V). Inset diagrams: Schematic of THz pulse polarity and
corresponding rectified tunnel current direction of Ity,.

widely studied with STM [24,25]. Single-cycle free-space
propagating THz pulses [Fig. 1(b)] are focused onto the STM
tip, leading to an ultrafast modulation of the bias voltage in
the tunnel junction that generates a transient tunnel current.
The incident THz-pulse train was modulated at 5077 Hz, well
above the bandwidth of the STM feedback loop. The average
THz-induced current, Ityz,avg [A], was measured via lock-in
detection. The rectified tunnel current induced by each THz
pulse is given by Ity,[e” /pulse] = Itz ave/(€ X frep), Where
Jrep [Hz] is the repetition rate of the THz pulses and e is the
electron charge. The minimum detectable Ity, was around
2 e~ /pulse, corresponding to an average current of 40 fA
(with the modulation on) using a 10°-V/A preamp (RHK
IVP300). For THz-pulse autocorrelation measurements, the
generated THz pulses were split with a high-resistivity silicon
wafer to create a THz interferometer in which the optical path
length of one arm was varied by moving a reflecting mirror
mounted on a motorized linear stage [10].

In our experiment, the STM tip was positioned over a flat
terrace with the DC bias voltage set to Vpc = 1 V and tunnel
current setpoint at Ipc = 20 pA. Next, the STM feedback loop
was switched off and Vpc was reduced to 0.1 V, which is
negligible compared to the THz-induced bias voltages. The
measured Iy, — EtH,pk curve is shown in Fig. 1(c), where
the direction of the rectified current is consistent with the
polarity of the THz pulses [10]. A rectified tunnel current of
450 e~ /pulse was obtained for an incident THz-pulse peak
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field of 650 V/cm. This is equivalent to a peak current of
~144 pA within a time window of about 0.5 ps, which is
~7 x 10° times larger than the DC current setpoint of 20 pA.
Such a high transient current suggests that the transient bias
voltage is much larger than the DC bias setpoint of 1 V.

III. THEORETICAL MODEL

To estimate the enhanced electric field in the near-field
of the tip and to understand the THz-induced tunnel cur-
rent based on steady-state tunneling theories, we developed
a model that accounts for both the steady-state STM and
THz-STM measurements. For a 1D tunneling barrier, posi-
tive bias voltages drive electrons from the occupied DOS of
the tip to the unoccupied DOS of the sample with a current
density given by the Bardeen model with the image potential
considered [20],

evy
J(Z) = (4716/F1)/0 depip(e — eVp)psam(e)T (€, Z), (1)

where V4, is the total bias voltage on the sample, which is the
sum of the steady-state bias voltage, Vpc, and the ultrafast
bias voltage induced by THz pulses, Vry,, such that V;, =
Vraz 4+ Vbes piip(€)[psam(e)] is the DOS for the tip (sample),
and T (e, Z) is the transmission factor that depends on the
energy of the electrons ¢ and the tip-sample separation Z.
The potential barrier formed between two electrodes can be
expressed as

Z
D(z) = eV + VVtip + Weam — Vvtip - EV},)E

+ Pim(z, 2),

where Wy, (Wsam) is the work function of the tip (sample),

2 |1 e kZ 1
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0<z<Z, )

PQin(z, Z) =

is the image potential induced by the two electrodes where
€p is the permittivity of free space and €, is the relative per-
mittivity of the insulator [20,26]. The transmission factor is
proportional to the probability that an electron with energy
¢ will penetrate the potential barrier, and is given within the
Wentzel-Kramers-Brillouin approximation as

22
T(e,7) = exp [—% / dz/m], 4
21
where z; and z; are the two roots of the equation ®(z) — ¢ =
0 (z1 < z2). Due to the exponentially increasing transmission
factor as a function of ¢, the DOS close to the top of the bias
window has a maximal contribution to the tunneling current.
The potential barrier is high when eV}, is much lower than
the work functions, W, of the tip and sample [Fig. 2(a)],
resulting in a high sensitivity of the tunnel current to changes
in tip height. However, for V, > W/e [Fig. 2(b)], the shape
of tunneling barrier is triangular rather than trapezoidal and
the electrons tunnel though a greatly reduced effective barrier
width compared to the actual gap size, namely, the STM
operates in the field-emission regime [21,22]. This increases
the effective tunneling area compared to the low-bias regime
[23], such that tunnel currents from other regions of tip apex
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FIG. 2. Potential-energy landscape of the tunnel junction at (a)
low- and (b) high positive bias voltages V;,, where Wy, (W) is the
work function of the tip (sample), €gip (€ sam) is the Fermi level
of the tip (sample), and Z is the tip-sample distance. The DOS of
the tip and sample are represented by oy, and g, respectively. The
blue curve shows the potential barrier taking into account the image
potential. There is enhanced tunneling from the occupied DOS of the
tip into unoccupied DOS of the sample, where tunneling of electrons
close to the Fermi level dominates. (¢) Cross section of the 3D tunnel
junction, where the STM tip is modeled by two spheres of radii r
and R and relative offset 4. The total tunnel current is obtained by
integrating the current density over the surface of the tip apex. (d)
DOS of tip and sample used in the simulation.

become significant. Thus, the geometry of the tip apex needs
to be considered [23].

Typically, an STM tip has a radius of curvature of 50 nm
or less at the tip apex. High-resolution imaging can often
be achieved by controlled tip crashes resulting in an atomic
cluster that is formed at the tip apex [20]. Therefore, to
account for the 3D geometry of the tip-sample junction in
our model, the tip apex is represented by a smaller sphere
partially embedded within a larger sphere with radii of » =
1 nm and R = 10 nm, respectively, as shown in Fig. 2(c). The
smaller sphere produces a small protrusion with a height, &,
of 0.3 nm from the bottom of the larger sphere. The total tun-
nel current was calculated with a semiclassical approach by
integrating the local current density over the tip surface, I =
/ f(x’y) J(x,y, z(x, y))dxdy, where x and y represent the spatial
coordinates of the lower part of the tip surface. To simplify the
model, we have assumed that the electrons tunnel vertically
through the barrier. As our THz-STM measurements were
conducted with a relatively small tip-sample distance of about
1 nm, the variations in the potential and field distribution
around the emitter surface can be ignored [27,28]. The effect
of tip geometry on the image potential is not considered here
[29], and many-body effects are also ignored [30,31].
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FIG. 3. (a) Experimental (red dots) and simulated (blue solid
lines) steady-state STM [-V curve. The tunneling gap was set at
1V and 20 pA. (b) Steady-state STM Z-V curves at a constant current

of 20 pA. The gray dashed lines in (a) and (b) show the voltages
corresponding to the work functions of the tip and sample.

The work function of a Cu(111) surface is around 4.94 eV
[32]. The work function of tungsten is around 4.5-5.2 eV
depending on the orientation of the crystal face. Here, we
assumed the same work function for both the Cu(111) sam-
ple and the W tip, such that Wy, = W, = 4.9 V. In most
practical STM experiments, the DOS of the tip is assumed to
be constant, such that pyp(¢) = 1. According to Bardeen’s the-
ory, the electrons tunnel from the occupied DOS of the tip into
the unoccupied DOS of the sample at positive bias voltage.
Following Ref. [22], the unoccupied DOS of Cu(111) is mod-
eled based on the electronic band structure of the surface. At
negative bias voltages, the electrons tunnel from the occupied
DOS of the sample into the unoccupied DOS of the tip and
the tunneling of electrons close to the Fermi level dominates.
As the tunneling current is mainly from the surface electronic
structure close to the Fermi energy [33], the occupied DOS
of Cu(111) was determined by a Gaussian function centered
at the peak energy of the surface state (—0.4 eV) and the
variations of the DOS at high bias voltages were ignored, as
shown in Fig. 2(d). In the field-emission regime, the electron
emission is only dependent on the DOS of the emitter, which
could be either the tip or the sample.

IV. RESULTS AND DISCUSSION

A. Single-point steady-state STM measurements

As shown in Fig. 3(a), the model closely matches the mea-
sured steady-state STM I-V curve in the bias window from —3
to 4+-3.5 V. However, when the bias voltage exceeds the work
function of the surface, the tunnel current increases rapidly

and the junction becomes unstable, making it impossible to
obtain constant-height Ipc — Vpc. curves over a wider range
of bias voltages. Alternatively, an STM Z-V measurement,
where the tip height can vary in order to maintain a constant
tunnel current as the bias voltage is changed, allows access
to higher bias voltages, albeit at larger tip-sample distances.
As shown in Fig. 3(b), the good agreement between the ex-
perimental and calculated STM Z-V curves suggests that our
model is able to accurately represent the tunneling process at
both low- and high-voltage biases.

B. Single-point THz-STM measurements

Here, we show how our 3D tunnel junction model, with pa-
rameters set by the steady-state STM measurements, provides
a universal fit to the measured ultrafast THz-STM response
of the Cu(111) surface with subpicosecond THz-induced tun-
nel currents. The near-field THz waveform at the tip apex
can be modified from that of the incident THz pulse due to
the antenna properties of the tip [34,35]. Recent experiments
have found that both the carrier-envelope phase and the spec-
tral content of the THz near field in the STM junction can
be modified by the geometric shape of the tip [14,15,18],
although several THz-STM studies have used the electro-
optically sampled THz waveform in their models [3,8-10].
In the theoretical model described here, the waveform of the
transient bias voltage at the junction that provides an excellent
fit to the observed THz-STM response is the same as the THz
waveform obtained by electro-optic sampling [3,8—10]. The
field enhancement factor, F, given as the ratio of the THz elec-
tric field in the near field of the junction to that of the incident
THz pulse, Etpy, pk, is inversely proportional to the tip-sample
distance, while the THz-induced peak bias voltage, Vruy pk,
stays constant for tip-sample distances less than 1 pum [10].
Thus, we assume a constant scaling factor, S, independent
of tip-sample distance in order to determine the amplitude
of THz-induced bias voltage from the incident THz-pulse
electric field, such that S[cm] = Vru, pk[V]/ETH, pk[V/cm] =
1/45 cm in all the model fits to the measurements.

The instantaneous value of the tunnel current at a given
voltage was calculated following the steady-state -V curve
produced by our model (Fig. 3). As shown in Fig. 4(a), the
calculated rectified current was obtained by the integral of the
simulated tunnel current transient. Due to the highly nonlin-
ear nature of the I-V curve, the dominant contribution to the
rectified THz-induced tunnel current, Ity,, occurs at the peak
of the THz-induced bias voltage. Figure 4(b) shows the ex-
perimental and simulated THz-STM Iy, — Etpg pk curves for
both positive and negative polarities of the THz pulse, show-
ing excellent agreement with our 3D model that is based on
steady-state tunneling theory and the measured steady-state
I-V curves. Current noise in our preamp and the 250-kHz rep-
etition rate of the laser source limited the minimum detectable
Ity of our THz-STM system to about 2 e~ /pulse, which
set the minimum Ety px required to observe a THz-induced
tunnel current to about 4360 V/cm at positive-polarity THz
electric fields and —315 V/cm at negative electric fields, cor-
responding to a Vry, px of about +8 and —7 'V, respectively.
A higher THz-induced current (or lower Etpg pk onset) can
be obtained at reduced tip-sample distances [8,10]; however,
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FIG. 4. (a) Simulated THz voltage transient (red solid line), ultrafast THz-induced current transient (blue solid line), and the integrated
number of rectified electrons (green solid line) induced by the THz pulse based on the 3D tunneling model. (b) Experimental (red dots) and
simulated (blue solid line) THz-STM Ity, — Ery,,px curves obtained with an open feedback loop (Vpe = 0.1 V, tip disengaged at Vpc =1V
and Ipc = 20 pA). (c) Experimental Inc — Z and Ity, — Z curves as a function of relative tip height. STM Ipc—Z curves were obtained at initial
currents of 50 pA. To obtain the Iy, — Z curves, the tip-sample separation was kept constant at the setpoint of Ery, px = 0, Vpc = 0.1 V, Ipc =
50 pA. (d) Experimental apparent barrier heights obtained from the Iy, — Z curves in (c) for steady-state STM (black dots) and THz-STM (red
dots) and the calculated values (blue solid line). Experimental (dots) and simulated (solid lines) THz-induced current versus the DC bias voltage
at (e) negative polarity and (f) positive polarity THz-pulse peak electric fields. In the measurements, the tip-sample separation was kept constant
at the setpoint of Ery,px = 0, Vpc =2V, Ipc = 20 pA. (g) Schematic of the THz-pulse autocorrelation measurement. (h) Experimental (black
dots) and calculated (black solid line) Iy, as a function of autocorrelation overlap time for THz pulses (Vpc = 0.1 V, I = 40 pA). The peak
electric field of individual THz pulses is 205 V/cm. Ey, i of the combined THz pulses versus the autocorrelation overlap time (blue solid
line) is also calculated. All fits use a near-field scaling factor of S = 1/45 cm and tip geometry parameters of R = 10 nm, r = 1 nm, and
h =0.3 nm.

increased local electric fields at smaller tip-sample distances
can modify the surface through field-enhanced diffusion
[36-38] or local sublimation induced by the tunneling elec-
trons [39].

The tunnel barrier height is a fundamental parameter
in STM. Experimentally, the exponential decay of an /—Z
curve allows us to define an apparent barrier height (ABH)
[10,20,21]. We have demonstrated that the THz-induced cur-
rent in our system is detected in the field-emission regime

since Vg, pk is larger than the work function. Straightforward
evidence for this phenomenon is an observed reduction in
ABH for the THz-induced current, which was extracted from
the exponential decay of the Ity, — Z curves, as shown in
Fig. 4(c). In Fig. 4(d), the ABHs obtained from the STM
Ipc — Z curves show a rapid decrease at bias voltages greater
than 3 V, which is due to the rapid increase of the tunneling
probability for applied bias potentials close to the work-
function value. The Ity, — Z curves demonstrate even lower
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ABHs, suggesting large peak-bias voltages that are in the
field-emission regime.

Since the total bias, V4, is the sum of the steady-state bias
voltage and the ultrafast-bias voltage modulation induced by
the enhanced THz-pulse electric field in the STM junction, we
can demonstrate the accuracy of the field enhancement factor,
F, by plotting Iy, versus Vpc for several incident THz peak
fields. As shown in Figs. 4(e) and 4(f), The Ity, — Vpc curves
are well reproduced by our model using a scale factor of
S = 1/45 cm, that is Vrp, px = 1 V corresponds to Etyy px =
45 V/cm, equivalent to a field enhancement factor of F =
2.2 x 10°, similar to that reported previously [10]. As Iy,
is primarily determined by the peak of the total bias, V4, px =
Vbc + Vrazpk, the scale factor, S, can also be estimated by
fitting the Vpc — Ethg,pk curves at constant Iy, providing a
calibration of the transient bias voltage in the junction.

The time resolution of THz-STM on the Cu(111) surface
was determined by THz-pulse autocorrelation measurements
described schematically in Fig. 4(g). As shown in Fig. 4(h),
an autocorrelation width as small as 450 fs full width at
half maximum is observed and accurately reproduced by the
3D tunneling model. Since the rectified THz-induced tunnel
current is dominated by the peak of the transient bias voltage
[Fig. 4(a)], such good agreement between experiment and
theory suggests that the subcycle width of the THz-induced
bias voltage in the junction is similar to that of the incident
THz-pulse electric-field waveform obtained through electro-
optic sampling.

C. Comparison to Fowler-Nordheim theory

Fowler-Nordheim (FN) theory can be used to estimate the
current density due to field emission [40]. For an emitting ob-
ject on the nanoscale, traditional FN theory needs to account
for the image potential, as given by Refs. [41-44],

LA (l)z 8n\/2mw3(@) o)
= 2wy \kk ) P T e v )P
©)

where y = €3V /v/kRW?2, A is the emitting surface area, & is
Planck’s constant, W is the electron work function, R is the tip
radius of the curvature of the tip, and k is a dimensionless
factor that is determined by the local geometry of the tip.
Lastly, #(y) and v(y) are two prefactors that can be found in
Ref. [41]. A current-voltage characteristic following Eq. (5)
would produce a straight line in a plot of In({/V?) versus
1/V. In the THz-STM experiments, we assume that Iy, is
primarily from the peak of THz-induced bias voltage, Vryy,pk,
and Vry, pk is proportional to Ety, pk by the scale factor of § =
1/45 cm. Plotting In(Ity,/ VTHZ,ka) versus 1/Vry, pi from the
experimental Ity, — EtHzpk curve, as shown in Fig. 5, gives
a straight line for the highest peak voltages (Vragpk > 8 V),
consistent with field emission with kR =~ 1 nm. Theoretical
studies that consider image interactions for nonsmooth emit-
ters with small protrusions on the tip apex [27,45] suggest a
value of k ~ (.1, and thus R ~ 10 nm, which is consistent
with our model of representing the tip by two spheres with
radii of R = 10 nm and » = 1 nm.

VTHz,pk (V)
20 1 I5 1|0 ? tl'a 4
1 m  Positive THz electric fields
— kR =0.94 nm
0 ® Negative THz electric fields
—~ —— kR =0.94 nm
S
=
-2 ®
)
] [ ]
-3 e
= °
0.05 0.10 0.15 0.20 0.25

1 Vi (1Y)
FIG. 5. Comparison of the measured THz-STM Iy, — Epz pk

curves (dots) to Fowler-Nordheim theory (solid lines) by plotting

In(fri, /Vruz, k) versus 1/ Vi, i, where Vin, ok = S X Etpg pk.

D. THz-STM imaging of atomic steps on a metal surface

Atomic steps on metal surfaces are good imaging targets
for THz-STM and an opportunity to expand the applicability
of our model. Here, we first explore the differences between
steady-state STM and ultrafast THz-STM by acquiring the
THz-STM image with a small Iy, simultaneously with the
constant-current steady-state STM image (Itg, < Ipc), as
shown in Fig. 6(a) for a monoatomic step on the Cu(111)
surface. An average THz-induced tunnel current of Itpz,avg ™~
0.8 pA was detected, which is much smaller than the DC
current of ~19.2 pA (feedback loop current setpoint is 20 pA).
Thus, the feedback loop monitors the tunnel current mainly
from Ipc and adjusts the tip height accordingly. However,
the THz-STM image shows a different behavior near the step
edge compared to STM. In order to understand the nanoscale
features in the THz-STM image at the step edge, we simu-
lated the spatial-dependent current density in a line profile
across the atomic step edge using our 3D model, as shown in
Fig. 6(b). The tip height was simulated across the step to main-
tain a constant current for a steady-state bias voltage of 1 V. As
depicted schematically in Fig. 6(c), the THz-induced tunnel
current at different tip positions along the line scan was then
calculated by considering the peak THz-induced bias voltage
of Vrazpk = 9.8 V and a steady-state bias voltage of Vpc =
1 V. Since the effective tunneling area for THz-STM with a
high transient bias voltage was larger than that for steady-state
STM with a low DC bias voltage, the THz-induced tunnel
current responded to the topographic structures on the surface
over a larger area. As shown in Fig. 6(d), the current-density
profiles, Jry,, evaluated at Vry, pk across the junction show
significant differences at various tip positions along the step-
edge line scan. The THz-induced current is reduced when
the tip approaches the step edge from the upper part and
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FIG. 6. (a) STM topography of the Cu(111) surface and the simultaneously acquired THz-STM image (Vpc = 1 V, Ety,pxc = 440 V/cm,
Inc + Ithzavg = 20 pA, Ity, < Ipc). (b) Experimental (red dots) and simulated (blue solid lines) line scans for the relative tip height and the
THz-induced tunnel current across a monatomic step along the dashed gray lines in (a). (c) Schematic of the tunneling junction at various
lateral tip positions, Xy, relative to the atomic step. The local magnitude of the THz-induced current density is illustrated by the relative
transparency within the blue cylinder. (d) Calculated THz-induced current density at the peak bias voltage V i at different xp.

increases when approaching from the lower part, which was
well reproduced by our 3D model.

Our simulations suggest peak current densities exceeding
10° A/cm? with Iy, ~ 40 e~ /pulse for THz-STM imaging
[Fig. 6(d)) and up to 10'® A/cm? for single-point measure-
ments [Fig. 4(b)]. To check this, if the measured ITpy ave
autocorrelation width [Fig. 4(h)] and THz-STM spatial resolu-
tion [Figs. 6(a) and 6(b)] produce 40 electrons traversing the
tunnel junction within 0.5 ps over an area of approximately
1 nm?, then a peak transient current of about 13 uA and a
current density of 1.3 x 10° A/cm? are produced, which is
consistent with the peak current densities obtained in our
3D model calculations. THz pulse-induced current densities
as high as 10" A/cm? were observed in THz-STM imag-
ing of Si(111) surfaces [10], making THz-STM a powerful
tool for exploring extreme transient tunnel current densi-
ties in a variety of materials. We speculate that the higher
bond strength between Si atoms on a Si(111) surface com-
pared to that between Cu atoms on a Cu(l11) allows for
much higher THz pulse-induced tunnel current densities on

a Si(111) surface before the onset of THz pulse-induced
damage.

E. Terahertz-driven STM imaging of a metal surface

In terahertz-driven STM (TD-STM) imaging, Itazave >
Ipc and the feedback loop adjusts the tip height according to
Ittz,ave [10]. STM and TD-STM imaging of atomic step edges
and defects on the Cu(111) surface are shown in Figs. 7(a)
and 7(b), respectively, with associated line scans in Figs. 7(c)—
7(e). Although most of the single-atom defects on the terraces
are not visible with TD-STM, some bigger defects were
detected with reduced vertical resolution [Fig. 7(c)], which
suggests that the THz-induced current is less sensitive to the
change of tip-sample distance due to the high transient bias.
The larger tunneling area in TD-STM gives a lateral resolution
across a monatomic step edge of 2 nm compared to only 1 nm
for steady-state STM [Fig. 7(d)]. However, the line profiles
across a step edge with three atomic layers [Fig. 7(e)] are
similar due to the larger change in tip height.
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FIG. 7. (a) STM topography of the Cu(111) surface (Vpc =
0.1V, Ipc =20 pA)), showing atomic steps and defects. (b) THz-
driven STM (TD-STM) of the same region as (a) with Eqy, px =
450 V/em, Ipc + Ithzave = 20 pA, Vpc = 0.1 V. Cross-sectional
line scans for the relative tip height across (c) a defect, (d) a
monatomic step, and (e) three-layer atomic step as identified by
the profiles (gray dashed lines) in (a) and (b), showing the spatial
resolution of STM and TD-STM.

While atomic resolution on semiconductor surfaces can
be easily achieved with steady-state STM due to strongly
localized dangling bonds and has been realized on Si(111)
surface with TD-STM [10], resolving the atomic lattice of a
close-packed metal surface requires a very short tip-sample
separation [24,46,47]. The origin of the atomic resolution is
understood by either the effect of a dangling bond at the tip
apex or tip-sample interactions [20]. Due to the high DOS at
the Fermi level of metal surfaces, a short tip-sample distance
usually requires a large tunneling current, which reduces the
stability of the tunneling junction. Thus, in our experiments
the THz-STM signal was obtained by using high transient bias
voltage instead of reducing the tip-sample distance. Atomic
resolution and tip-sample interaction effects were not consid-
ered in our simulations.

The vertical and lateral resolutions at different bias volt-
ages for a tip-sample distance of 1 nm can be determined
following the methods proposed in Ref. [28]. As shown
schematically in Figs. 2(a) and 2(b), as well as experimentally
in Fig. 4(d), the tunnel barrier becomes smaller at higher bias
voltages. This results in a decrease in sensitivity of the tunnel
current to changes in tip height and an increase in the effective
tunneling area, as shown in Fig. 8(a), suggesting that both the
vertical and lateral resolutions would decrease with increasing
bias voltage.

The wvertical resolution is calculated by AZ =
AI/(dl/dZ), where Al is the noise level of the current
and dI/dZ is determined by the apparent barrier height. For
our system, Al ~ 2 pA at a constant current of 20 pA, and

[
-~
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o
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FIG. 8. (a) Calculated spatial distribution of the normalized tun-
neling current density at bias voltages of 1 and 10 V. (b) Simulated
vertical resolution as a function of the bias voltage. (c) Simulated line
scans across an atomic step at different bias voltages. (d) Simulated
lateral resolution as a function of bias voltage as determined from the
10-90% variation of the line scans in (c).

the estimated vertical resolution as a function of bias voltage
is shown in Fig. 8(b). To estimate the lateral resolution,
we simulated the tip line scans at constant current across a
monolayer step which was represented by a step function
[Fig. 8(c)]. The line profile across the step becomes broader
with increasing bias voltage, suggesting a decreasing lateral
resolution with bias, as shown in Fig. 8(d).

F. Field emission and tunneling regimes

In order to extend the capacity of THz-STM to a wide
range of bias voltages and minimize THz-induced surface
modifications [48,49], it will be necessary to acquire the THz-
induced tunnel current at low THz-pulse electric fields and
correspondingly low THz-induced bias voltage. Although the
THz-STM experiments in our work were limited to the field-
emission regime due to the stability and the noise level of our
system, our model can provide a guide towards realizing THz-
STM on metals with lower THz-induced bias voltage. Firstly,
the minimum detectable THz-induced current, Iy, min, can be
reduced by increasing the repetition rate of the THz pulses,
minimizing preamp noise, or optimizing the stability of the
STM system. Secondly, if tunneling stability is not compro-
mised, the threshold THz electric field required to generate
Ith,.min can be lowered by reducing the tip-sample distance,
thus extending the capacity of THz-STM to a wide range of
bias voltages.

Figure 9 shows the calculated incident THz electric fields
as a function of the relative tip heights needed to induce
various tunnel currents, Ity,. To generate the minimum de-
tectable Ity, of 2 e /pulse in the tunneling regime at, for
example, Vry,px = —3 V in our system, a relative tip-height
change of —0.35 nm was suggested by the simulations. How-
ever, the setpoint to reach this tip-sample distance would
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FIG. 9. Simulations of the incident THz electric field as a func-
tion of relative tip height at various THz-induced currents, Ity,,
showing the required peak transient bias voltages and the tip-sample
distance for different THz-STM signals. The original tip-sample
distance was assumed to be 0.99 nm with Vpc = 1 V, Ipc = 20 pA.
The gray dashed line indicates Vry, px = —3.0 V.

be VDC =1 V, IDC =40 nA or VDC =0.1 V, IDC =47 I]A,
which could not be achieved in our system due to instability
associated with the open-flow cryostat. Another method is to
reduce the lowest detectable Iy, min in the THz-STM system,
which is determined by the minimum detectable average THz-
induced current Iy via ItHz minle” /pulse] = Inin/(€ X frep)-
This could be achieved by either increasing the repetition rate
of the THz pulses from 250 kHz to 5 MHz or improving the
stability of the THz-STM system. In a THz-STM system with
a minimum detectable Ity, min 0f 0.1 e~ /pulse, a relative tip-
height change of —0.2 nm would be required, corresponding
to a setpoint of Vpc =1V, Ipc =1.5nA or Vpc =0.1V,
IDC =170 pA

V. CONCLUSIONS

In conclusion, we have measured the THz-induced tun-
nel currents and performed THz-STM imaging on a clean
Cu(111) surface. Simulations based on an expanded steady-
state tunneling model that considers the 3D geometry of the
tip-sample interface successfully explain the observed THz
current and nanoscale features at atomic step edges and de-
fects in THz-STM images of the metal surface. Extreme THz
pulse-induced current densities greater than 10°A/cm? are
observed, and the THz-induced bias voltage transient at the
STM junction is quantified, which is critical for future energy-
sensitive ultrafast THz-STM studies. TD-STM imaging of
atomic steps and defects on a metal surface is also performed.
Our work establishes an accurate framework for understand-
ing and quantifying THz-induced currents and THz-STM
imaging of metal surfaces, which will impact future exper-
iments using THz-STM to explore ultrafast phenomena in
materials on the nanoscale.
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APPENDIX: DISCUSSION ON FIT PARAMETERS

The single-point simulation is sensitive to the distance, Z,
between the tip and the sample, as shown in Fig. 10, where
a change of 0.1 nm on the assumed tip-sample distance at
the setpoint of 1 V and 20 pA would result in a dramatically
different THz-induced current. A good fit from a 1D model
would require a gap size of 1.2 nm, which is too large for a
normal tunneling junction, and a different scale factor of 1/55
cm that would be inconsistent with the experimental data in
Fig. 4. Thus, the size of gap is set to 0.99 nm at a setpoint
of Vpc =1V and Ipc = 20 pA in all our simulations. The
relative changes of the tip-sample distance with different bias
voltages or different tunneling currents are determined by the
experimental Z-V curves and I-Z curves.

In our simulations, the geometry of the tip was set by
three parameters: the radii of the two spheres, R and r, and
the distance h that the smaller sphere protrudes from the
larger sphere [Fig. 2(c)]. As shown in Figs. 11(a) and 11(b),

variations in the tip geometry parameters have a significant
effect on how the simulations best fit the line profiles obtained
in the observed STM and THz-STM images. The best-fit
parameters for imaging are R =10 nm, »r = 1 nm, and & =
0.3 nm. As illustrated in Fig. 6, the effective tunneling area
for THz-STM with a high transient bias voltage was much
larger than that for steady-state STM with a low DC bias
voltage, producing features in the THz-induced tunnel current
images around the atomic step. This phenomenon would also
exist with smaller THz-induced bias voltages in the tunneling
regime, as shown for Vry, px = 3 Vin Fig. 11(c). Using only a
single set of fit parameters for the tip geometry and a constant
value for the near-field scaling factor for the THz-induced bias
voltage, our 3D model provides a universal fit to the steady-
state STM single-point measurements (Fig. 3), STM imaging
line scans of atomic steps (Fig. 6), ultrafast THz-STM single-
point measurements (Fig. 4), and ultrafast THz-STM imaging
line scans of atomic steps (Fig. 6).
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